The nonlinear response of a barotropic quasigeostrophic fluid to a 5 forcing by the rotation of the wind stress is discussed in terms of the symmetry properties related to the multipole structure of the response's relative vorticity field 
I. INTRQDUCTIGN
This paper addresses the symmetry properties of a vorticity equation that stands for the simplest nonlinear model of wind-driven mid-ocean gyres. These gyres are characterized by an intense "western intensification" in that current velocities in a small boundary layer on the western side are much higher than in most of the interior. ' The first successful linear model explaining this property, has shown that this is an internal effect of the dynamics of a fluid forced to circulate horizontally on a rotating sphere; i.e. , even for a meridionally symmetric forcing, the fluid reacts with an asymmetrical circulation pattern in a medium in which the horizontal gradient of the local vertical component of the planetary vorticity breaks the symmetry, such that the center of the circulation, being located at the line of maximum forcing (i.e., maximum rotation of the wind stress), is shifted to the west relative to the forcing center (i.e. , opposite the direction of the Earth's rotation). Actually observations show that the circulation center is not positioned at the line of maximum rotation of the wind stress. In reality the circulation centers are displaced in the downstream direction, giving rise to a mere "northwestern" intensification. This is generally thought to be a genuine nonlinear effect of gyre dynamics. Interestingly, one of the simplest fully nonlinear models of oceanic circulation, viz. , the free (un- forced and undamped) mode of a water mass recirculating horizontally on the surface of a rotating sphere exhibits "northern intensification. " Rather than having a symmetry axis that runs east-west with strong symmetry breaking round the north-south axis of the circulation, as in the linear model, this mode has a symmetry axis that runs north-south, the symmetry now being broken around the east-west axis of the circulation.
The basic equation that encompasses both asymptotes of the circulation regime is the quasigeostrophic vorticity equation on the P plane
Here g is the quasigeostrophic stream function, P the Jacobian operator
[~(a,b)= -(t)a /t)x, )(c)b/t)x ) -(t)a /Bx2)(t)b/t)x, )], P, the, local planetary vorticity gradient in a plane tangent to the rotating sphere at some arbitrary central latitude, x = (x "x2 ) the position vector in that plane, k a damping coefticient to be associated with bottom friction, T the forcing amplitude, and r(x) a suitably normalized function representing the shape of the forcing. (Note that in spite of the notation the forcing actually is the rotation of the wind stress at the surface divided by an effective depth of the fluid column. ) The minus sign in the right-hand side of (1.1) gives an anticyclonic rotation of the wind stress, as is the case for the gyres on the northern hemisphere. 
the solution of which reads
(3.9) (3.10) which can easily be verified by substitution of the rniddle expression in (3.10) into (3.9), using (3.3) . The corresponding first-order vorticity distribution is then given by Finally we may now sum the zeroth-and first-order contributions to the stream function and the relative vorticity field for specific values of e. This is shown by the contour plots in Figs. 1(e) and 1(f). Evidently the whole pattern has now lost all symmetry due to the antisymmetric character of the first-order correction, reAected in B'" and C'x". This is in accordance with analytical results for circulation in closed basins, using a primitive perturbation series for weak nonlinearity. This approach thus explains, for small but increasing e, both the initial turning of the symmetry axis, rejected here in the turning of the vector sum B' '+eB'", as well as the initial breaking of symmetry around that axis by the sum of the zeroth-and first-order quadrupole. However, there is at this stage, for increasing e, no indication of a weakenwhere g' ' and G' ' are given by (3.5) Next we set up a renormalized perturbation series for the Green's function and the undetermined components of P and y in (4. 1). To that end we introduce a formal expansion parameter X, and we use expression (4. 1) as counterterms to the nonlinear term in Eq. (2. 10), which we recast as follows:
we expand them too: to (2. 10).
As B(z;g, r) and C; (z;g, r) depend functionally on G,
Inserting (4.4) -(4.7) in (4.3) gives to zeroth order in k,
the solution of which gives G' '(x, z;P' ', y'x', y'+') in terms of the undetermined components of P and y. Next, to first order in A, we have
If we now truncate the series in A. after the first-order terms and regard the remaining terms as an iterative series for G, then, resetting A. = 1, we get from (4.4) Moreover, we require the vanishing of the dipole and quadrupole contributions in the right-hand side of (4.9) in order that the dipole and quadrupole structure of the first iteration G' ' is already a good approximation to the exact solution.
Substituting For an effectively infinitely far extended forcing field, the zeroth-order equation for the renormalized Green's function in quadrupole approximation reads SG("+2&(G"),x P("+y'""x)+2+-, 'y'+'(x'( -x', )) = -5(x) . (6.1)
The as yet undetermined constants (pI ', p2 ', y'&&', y'+') are defined by (5.2) and
In the y coordinate system the latter coincides with pI ', whereas p, coincides with p2 '. hG' '+2~(G' ', yz, z2)= -5(z -a), (6.9) which is formally analogous to an advection-diffusion equation in a pure straining field with a point source positioned at a from the center of the hyperbolic streamlines. p -=p(cosp+i sinp), y -=y(cosy+ isiny ), (6.18) it appears that the whole procedure of global and local such that for e=O, y =m. For e~O we recover again the result (3.8) for C+ =y(+)/e. In the same limit we get from (6.16) CX =y(")le=-', e, whereas (3.14) 9, and 9 are depicted the direction of the planetary vorticity gradient (P~), which coincides with the local north direction in the z&, z& coordinate system for the local value of e, as well as the direction of th ff e e ective uni orm gradient of absolute velocity (P, ) and the self-induced global relative vorticity gradient due to the dipole (Pd k,L (7.9) To an observer at a fixed distance L from the source position the rescaled trajectory of a(e) now means that, for T~O and k~0, such that T/k is constant, he sees an increase of the primary symmetry breaking around the direction of the effective absolute vorticity gradient, to- 
After transforming to the z' system using (Bl 1) and (B12), it can be checked that there is no contribution from the second term of (B14) to the integral in the lefthand side of (B15). Finally the third term can be written 
Using again (B8), (B10), (Bl 1), and (B12), one can check that only the first part of the second term contributes to the evaluation of C; by means of the integral in (B15). Its contribution reads 0
2.
